Thermodynamically efficient optical designs are dramatically improving the performance and cost effectiveness of solar concentrating and illumination systems.
What is the best efficiency possible? When we pose this question, we are stepping outside the bounds of a particular subject. Questions of this kind are more properly the province of thermodynamics, which imposes limits on the possible, like energy conservation, and the impossible, like transferring heat from a cold body to a warm body without doing work. That is why the fusion of the science of light (optics) with the science of heat (thermodynamics) is where much of the excitement is today. During a seminar I gave some 10 years ago at the Raman Institute in Bangalore, the distinguished astrophysicist Venkatraman Radhakrishnan famously asked, "How come geometrical optics knows the second law of thermodynamics?" This provocative question from C. V. Raman's son serves to frame our discussion. A few observations suffice to establish the connection. As is well known, the solar spectrum fits a black body at 5670 K (almost 10,000 degrees Fahrenheit). Now, a black body absorbs radiation at all wavelengths, and it follows from thermodynamics that its spectrum (the Planck spectrum 1 ) is uniquely specified by temperature.
The well-known Stefan-Boltzmann law, which also follows from thermodynamics, relates temperature to radiated flux (energy) so that the solar surface flux is˚s 58.6W/mm 2 , while the measured flux at top of the earth's atmosphere is 1.35mW/mm 2 . That the ratio, 44,000, coincides with 1/sin 2 s, where s is the angular subtense of the sun, is not a coincidence but rather illustrates a deep connection between the two subjects (the sine law of concentration). Nonimaging optics is the theory of thermodynamically efficient optics and, as such, depends more on thermodynamics than on optics. I often tell my students that to learn efficient optical design, first study the theory of furnaces. 2 Hoyt Hottel was an engineer at the Massachusetts Institute of Technology, working on furnaces, when he discovered an algorithm for calculating radiative transfer between walls . Tie one end of a string to the sliding ring, and the other end to B'. Hint: It is best to make the 'shower-curtain rod' oversized. Make sure the string first goes from B' to B, and then to A'. By pulling tight on the string, it is always perpendicular to the rod. Trace the moving point where the string abruptly changes directione.g., holding a sharp pencil point there-and continue until the curve traced out becomes parallel to the axis. You will find that A'
known as Hottel strings. 3 We found these could be used to generate optical designs, a sort of string theory of thermodynamically efficient optics (see Figure 1 ). We loop one end of a 'string' to a 'rod' tilted at angle Â to the aperture AA' and tie the other end to the edge of the exit aperture B'. Holding the length fixed, we trace out a reflector profile as the string moves from C to A'. This is similar to the familiar method of tracing an ellipse by attaching a string to its foci.
Continued on next page I am frequently asked, "Can this possibly work?" Figure 2 provides a practical answer. Details available elsewhere provide more information about light cones that have applications in solar energy, illumination, astronomy, and many other fields. 4, 5 Pushing the concentration of stationary solar concentrators to the limit In early 2010, my research group asked how much a solar collector fixed in position can concentrate. 6 To address this question, one first needs to understand solar geometry. As seen in Figure 3 , that is a bit like doing science on a carousel. For we inhabit a rotating platform, which in turn rotates about the sun. Just thinking about it is enough to make one's head spin. Fortunately, there is one invariant direction, Polaris or the North Star, already known to the ancient mariners. We take this star as the y axis, and plot the sunrise to sunset on the x axis. Moreover, we use direction cosines, which are the thermodynamically appropriate coordinates. With this representation, the solar motion is really simple (see Figure 4) .
The outer circle is the full hemisphere, the portion between the vertical lines is where the sun is, and each day is a straight vertical line. From this we can read off the limits to concentration. The area occupied by the sun is very close to 50% of the hemisphere, so a concentration of 2 is allowed. Moreover, if the target is immersed in an index of refraction n (say, a solar cell), we can multiply by n-squared. Accordingly, for practical materials (n 1.5), we are allowed 4.5 . All this is without any particular design in mind. Using a simple, thermodynamically efficient design, we can actually achieve about 4 . In practice, this approach would make it possible to replace 75% of solar cells (e.g., silicon or thin film) with inexpensive plastic (see Figure 5 ).
Luminescent solar concentrators
The sun is a very bright source indeed. The 'brightness' (or radiance) B D˚s/ (B D power/etendue, where etendue in optics has the role of 'phase space' in thermodynamics). The conservation of brightness is basic to solar energy concentration. In fact, photovoltaic conversion of solar flux to work (electricity) is made possible by the high temperature of the solar surface. Even the limiting performance of a hypothetical sequence of multijunction cells-which is about 85-is bounded by Carnot efficiency considerations. Remarkably, we are nearly halfway there with three junctions, thanks to the discoveries of Sarah Kurtz and Jerry Olson of the National Renewable Energy Laboratory. 7 The conservation of brightness can be modified by including processes where the spectrum is down-shifted in a luminescent medium (hv ! hv'). Thermodynamics provides the framework since entropy depends linearly on energy (heat) deposited in the medium but logarithmically on brightness. It follows that brightness can increase exponentially with (hv hv')/kT, where k is Boltzmann's constant. Since the energy shift is 0.5eV while kT is 0.025eV at room temperature, this effect can, in principle, be large and is not subject to the sine law of concentration.
My group is researching solar luminescent concentrators (LSCs), as are many others around the world, because of this intriguing possibility of concentrating diffuse sunlight (see Figure 6 ). The notion is that a window (these materials are generally partially transparent) can also generate electricity. We have already been able to achieve 4 power concentration by using several square feet of material, which is comparable to the geometric optics design of Figure 5 is substantially higher, 4 is already a useful saving in solar cells, given that windows are needed anyway.
Epilogue
It is not possible to pass over a remarkable connection between thermodynamics and the laws of motion and gravity that recently came to light. Since the 1970s, the connection between black holes (objects so heavy that not even light can escape) and thermodynamics has been noted by Stephen Hawking, Jacob Bekenstein, and others (see Figure 7) . A connection was made between the entropy of a black hole and the area of the horizon (from which light cannot escape). 8 It appeared that information (entropy is a measure of information by Shannon's theorem) about a volume could be stored on a surface, much like a hologram. This idea later became formalized as the holographic principle by Gerard 't Hooft. Last year (2010) Erik Verlinde 9 proposed that these ideas apply not just to black holes but to the world: gravity is, in fact an entropic force (the force to stretch a rubber band is entropic because a curled up polymer is a more probable configuration). These ideas fit recent data on the accelerated expansion of our universe with no adjustable parameters, 10 so we should be paying close attention.
In conclusion, thermodynamics has proven to be a reliable guide not only to efficient optical design but even to understanding how our world works at the most fundamental level. As has been noted by others, the first and second laws of thermodynamics have survived the quantum and relativity revolutions of the 20 th century, and are likely to remain a sure guide to scientific progress in the centuries to come. Or, as Sean Carroll eloquently put it in his bestseller From Eternity to Here: "If you were asked to predict what currently accepted principles of physics would still be considered inviolate a thousand years from now, the Second Law would be a good bet." 11 Consequently, in addition to advising optical designers to first study the theory of furnaces, I would add, look to thermodynamics for clues to your next breakthrough. 12 I am grateful to the California Community Fund, the Dan David Foundation, the University of California Office of the President, and project DEDALOS for research support.
